Biphasic generation of reactive oxygen species (ROS) induced by N-acetylchitooligosaccharide elicitor in rice cells was associated with the activation of phopholipase C (PLC) and phospholipase D (PLD). The activation of both enzymes was observed for the first phase of ROS generation, but only the activation of PLD was evident for the second response. Activation of PLD was associated with its recruitment to the membrane. Enzymatic products of these phospholipases, diacylglycerol (DG) and phosphatidic acid (PA), could induce ROS generation by themselves. Moreover, the addition of these lipids compensated the inhibition of the second phase of ROS generation by cycloheximide, indicating the involvement of the synthesis of PLD or related proteins in the second phase of ROS generation. DG and PA also induced the expression of elicitor-responsive genes in the absence of the elicitor. They could not induce phytoalexin biosynthesis by themselves but greatly enhanced the elicitor-induced phytoalexin accumulation. Further, the inhibition of PLD by 1-butanol inhibited the elicitor-induced phytoalexin accumulation, indicating the involvement of PLD and its reaction product, PA, in the induction of phytoalexin biosynthesis. These results indicated the importance of phospholipid signaling, especially by PLD and its product PA, in plant defense responses.
Introduction
Although phospholipid signaling has long been recognized as a major signal transduction cascade in animal cells, the role of this signaling cascade remained largely unknown in plants until recently. In recent years, however, it has been shown that the phospholipid signaling also plays an important role in plants, including responses to abiotic as well as biotic stresses (Wang 2002, Meijer and . Among the enzymatic products derived from membrane phospholipids, phosphatidic acid (PA), which can be generated by the action of phospholipase D (PLD) and also by the combined action of phospholipase C (PLC) and diacylglycerol kinase (DGK), has received increasing attention as an important second messenger in plants (Munnik 2001 .
In relation to defense responses in plants, several earlier studies indicated the activation of phospholipases by elicitor treatment (Kurosaki et al. 1987 , Legendre et al. 1993 . Young et al. (1996) showed that the expression of both PLC and PLD genes in rice was induced by the challenge of an avirulent strain of Xanthomonas oryzae. They also showed that the PLD localized in the plasma membrane, especially at the part adjacent to the infecting bacteria in the case of resistant interaction. Induction of PLD genes by elicitor treatment of tomato cells (Laxalt et al. 2001 ) and pathogen challenge to Arabidopsis plants (Day et al. 2004 ) was also reported. Xylanase elicitor-treated tomato cells were also shown to accumulate PA and diglycerol pyrophosphate (DGPP) (Van der Luit et al. 2000) . Similarly, a race-specific elicitor, AVR4, induced a rapid accumulation of PA and DGPP in tobacco cells expressing the corresponding Cf-4 resistance gene (de Jong et al. 2004) . In both cases, PLC and DGK were attributed for the generation of PA. Interestingly, Nod factor, which induces nodulation in legumes, seems to activate both PLC and PLD in Vicia sativa seedlings as well as suspension-cultured alfalfa cells, resulting in the generation of PA (Den Hartog et al. 2001 , Den Hartog et al. 2003 . However, two elicitors, N-acetylchitotetraose and xylanase, only activated PLC in the alfalfa cells.
Although these observations indicate the involvement of phospholipid signaling in plant defense responses, still little is known about how the phospholipases and their products regulate the defense responses. PA was shown to activate a woundactivated mitogen-activated protein kinase (MAPK) in soybean seedlings (Lee et al. 2001 ) and also to mediate the generation of superoxide in Arabidopsis (Sang et al. 2001 ). However, their relationships with defense reactions to pathogens were not well addressed.
N-Acetylchitooligosaccharide elicitor could induce various defense responses, mediated through a plasma membrane receptor (Ito et al. 1997) , in suspension-cultured rice cells. These cellular responses include rapid and transient membrane depolarization (Kikuyama et al. 1997) , ion fluxes , generation of reactive oxygen species (ROS; Kuchitsu et al. 1995) , expression of defense genes (Minami et al. 1996 , He et al. 1998 , Nishizawa et al. 1999 , AkimotoTomiyama et al. 2003 , Day et al. 2004 ) and phytoalexin biosynthesis (Yamada et al. 1993) , thus providing an excellent model system for the study of defense signaling induced by a general, or non-specific, elicitor. In a previous study, we showed that N-acetylchitooligosaccharide elicitor induced a rapid and transient activation of PLC and phosphatidylcholine (PC)-specific PLD in the membrane fraction of suspensioncultured rice cells (Yamaguchi et al. 2003) . We also showed that synthetic diacylglycerol (DG) and PA could induce rapid and transient ROS generation by themselves, indicating the important role of these enzymes as well as their products in the regulation of elicitor-induced ROS generation. de Jong et al. (2004) also reported the induction of oxidative burst by exogenously applied PA in tobacco cells. Very recently, we found that exogenously applied H 2 O 2 , on the other hand, could activate PLD and induced the accumulation of PA in suspensioncultured rice cells (Yamaguchi et al. 2004) , making the situation more complicated. Here we show that PLC and PLD contribute differently to the elicitor-induced biphasic reactive oxygen generation. We also show that the activation of PLD involves the recruitment of this enzyme to the plasma membrane. Involvement of PLD and its product PA in the induction of elicitor-responsive genes as well as phytoalexin biosynthesis is also discussed.
Results
Biphasic ROS generation induced by N-acetylchitooligosaccharide elicitor is associated with the differential activation of PC-PLD and PLC As we reported previously (Tsukada et al. 2002) , N-acetylchitooligosaccharide elicitor induces a biphasic ROS generation in rice cells as shown in Fig. 1 . Exogenously applied DG and PA themselves also induced the accumulation of ROS, but with a transient, monophasic pattern. Based on the effect of inhibitors for DGK and phosphatidic acid phosphohydrolase on the elicitor-induced ROS generation, we suggested previously (Yamaguchi et al. 2003 ) that the DG generated by PLC could be converted to PA rapidly and acts as an internal trigger for in vivo ROS generation.
Changes in phospholipase activities in the microsomal membrane fractions obtained from the elicitor-treated cells are shown in Fig. 2 . Each phospholipase acitivity was measured by using radiolabeled PC and phosphatidylinositol,4,5-bisphosphate (PIP 2 ). PC hydrolyzing activity in the membrane fraction, which represents the PC-PLD activity in this fraction (Yamaguchi et al. 2003) , increased rapidly by the elicitor treatment and reached a first peak after 20 min and a second peak after 120 min, both of which coincided with or slightly preceded the corresponding peaks of ROS generation. PLC activity also increased by the elicitor treatment; however, only the first peak at 10-30 min was evident and almost no second peak was observed. Phospholipase activities in the cytosolic fraction did not change by elicitor treatment irrespective of the substrates (data not shown).
Elicitor-induced phosphatidylbutanol (PtdBut) formation was observed in the presence of 0.8% 1-butanol but not with 2-butanol, indicating the involvement of PLD (Munnik 2001 ,  Fig. 3A, B ). This observation is in contrast to the results reported for the action of N-acetylchitotetraose on suspension- cultured alfalfa cells (Den Hartog et al. 2003) where the oligosaccharide induced the formation of PA but not that of PtdBut, eliminating the involvement of PLD in this case.
These results indicate that the first phase of ROS generation is associated with the activation of both PLC and PLD, but the second phase was associated mostly with the activation of PLD.
Recruitment of PLD to the membrane fraction by elicitor treatment
As the PLD activity in the membrane fraction increased by the elicitor treatment, changes in the amount of PLD protein in the membrane preparation were analyzed by using Western blotting with a PLD antibody raised against rice PLDα (Ueki et al. 1995) . As shown in Fig. 4 , the amount of PLD protein in the membrane fraction clearly increased 10 and 120 min after the elicitor treatment, whereas the cytosolic PLD did not show any detectable change. These results indicate the recruitment of the cytosolic or newly synthesized PLD to the membrane fraction, though it is not clear whether the molecular species of PLD in the cytosolic and membrane fractions are the same. It was shown that the stimulation of certain plant cells as well as mammalian cells is associated with the recruitment of PLD to the membrane fraction (Morgan et al. 1997 , Brown et al. 1998 , Ryu and Wang 1998 . The time course of the increase of PLD in the membrane fraction roughly corresponded to the change of PLD activity and also the ROS generation.
The two phases of ROS generation are regulated differently
The regulatory mechanism of the first and second phase of the elicitor-induced ROS generation was analyzed pharmacologically (Figs. 5, 6) . Cycloheximide selectively suppressed the second phase of ROS accumulation, indicating the requirement for protein synthesis only for the second phase (Fig. 5A) . Interestingly, the cycloheximide treatment also abolished the recruitment of PLD to the membrane fraction in the second phase selectively (Fig. 5B) . Further, this suppression of the second phase of ROS generation by cycloheximide was completely compensated by the addition of PA to the cells. The Immunodetection of rice PLD in the membrane or cytosolic fraction prepared from rice cells treated with N-acetylchitooligosaccharide elicitor. The membrane or cytosolic fraction was prepared at 0, 10, 60 and 120 min after the addition of the elicitor. After electrophoresis, the proteins were transferred to a nitrocellulose membrane. Protein immunoblotting was performed by using antibodies against rice PLD antibody as described in Materials and Methods. Phospholipases in defense responses in rice cells 582 addition of 1-butanol (0.3%), which is an antagonist of PLD and inhibits the formation of PA by this enzyme (Munnik et al. 1995) , significantly suppressed the accumulation of ROS by the elicitor , especially in the second phase (Fig. 6 ). These results again indicate the involvement of PLD and its enzymatic product, PA, in the regulation of the elicitor-induced ROS generation, especially the second phase.
Exogenously applied DG and PA induce the expression of elicitor-inducible genes by themselves
To see further the functional role of PLC and PLD, and also their products, DG and PA, in the elicitor-induced cellular responses, the effect of exogenously applied DG and PA on the expression of elicitor-responsive genes [EL2, phenylalanine ammonia lyase (PAL), chitinase and β-glucanase; Minami et al. 1996 , He et al. 1998 ] was analyzed. As shown in Fig. 7 , both DG and PA induced the expression of EL2, PAL and chitinase, but not β-glucanase, when they were added to the rice cells exogenously, whereas 7 : 0-PC, a negative control, did not induce any of them. These results indicate that the activation of PLC and PLD mediates not only ROS generation but also the induction of a group of elicitor-responsive genes. These results also suggested the presence of different regulatory mechanisms for the expression of elicitor-responsive genes. It has already been reported that the elicitor-induced expression of chitinase and β-glucanase in rice is regulated differently from that of PAL and EL2 (He et al. 1998 , Nishizawa et al. 1999 ). The present results further indicate that the expression of the β-glucanase gene is regulated differently from the chitinase gene concerning phospholipid signaling.
PLD and its product, PA, play an important role in the elicitorinduced phytoalexin biosynthesis
The potential role of PLC/PLD products in the induction of phytoalexin biosynthesis was analyzed as shown in Fig. 8 and 9. The elicitor-induced phytoalexin production was clearly enhanced by the addition of both DG and PA, but not by PC, though these compounds could not induce phytoalexin biosynthesis by themselves (Fig. 8) . Further, 1-butanol, but not 2-butanol, mostly suppressed the accumulation of momilactone A (Fig. 9) . These results indicate that PLD and its product, PA, play an important role in the elicitor-induced phytoalexin biosynthesis.
Discussion
In a previous report (Yamaguchi et al. 2003) , we showed that the activation of both PLC and PLD, and the formation of the major product, PA, play an important role in the regulation of rapid and transient ROS generation induced by N-acetylchitooligosaccharide elicitor in suspension-cultured rice cells. In this study, we showed that the activation of the phospholipases occurs in a biphasic manner, corresponding to the biphasic ROS generation induced by the elicitor. The biphasic ROS generation induced by the elicitor resembles that observed in the incompatible interaction between host plants and pathogens (Chai and Doke 1987, Lamb and Dixon 1997) , though the Nacetylchitooligosaccharide elicitor used in the present study belongs to the class of general elicitors that induce defense responses in various plant species (Okada et al. 2002) . Interestingly, the first phase of ROS generation was associated with the activation of both PLC and PLD but the second phase was associated almost solely with the activation of PLD (Fig. 2) , indicating the importance of the activation of PLD for the second phase of ROS generation. This is in contrast to the results recently published by de Jong et al. (2004) where the PA accumulation induced by Avr4 in Cf-4 + tobacco cells was mostly attributed to PLC and DGK activity. As these authors did not analyze the enzyme activity directly and also only analyzed the rapid accumulation of PA and ROS, perhaps corresponding to the first phase described in this study, the results cannot be compared directly with our results. However, it is possible that the enzymes responsible for the formation of PA are different between the experimental systems. Interestingly, in Arabidopsis, PLDα was shown to be responsible for the PA-mediated superoxide generation (Sang et al. 2001) .
The biphasic activation of PLD was associated with the corresponding increase of PLD in the membrane fraction, but not in the cytosol, as probed by an antibody against rice PLDα (Fig. 3) . This suggests the recruitment of cytosolic or newly synthesized PLD to the membrane fraction by the elicitor treatment, as indicated for some cellular responses in plants (Ryu and Wang 1998, Wang et al. 2000) and mammals (Morgan et al. 1997 , Brown et al. 1998 . The induction of PLD in the membrane fraction of pathogen-challenged rice (Young et al. 1996) and abscisic acid-treated barley (Ritchie and Gilroy 2000) was also reported. It has been postulated that the translocation of plant PLDs to the membrane fraction is mediated by the Ca 2+ -dependent phospholipid binding of the C2 domain of PLDs, which is known to be present in most plant PLDs except PLDζ (Wang 2002) . Although the mechanism of the elicitorinduced recruitment of rice PLD to the membrane fraction is not known, it is almost conceivable that the translocation is important for the function of this enzyme both in the interaction with the substrate, PC, and also in the regulation of downstream components in the signaling cascade by the product, PA. It may even be important for the activation of PLD itself (Wang 2002) .
We also showed here that each phase of the biphasic ROS generation induced by the elicitor was regulated differently. The second phase of the ROS generation required protein synthesis but the first one did not, similar to the observations on ROS generation in potato tubers treated with the hyphal wall components of Phytophthora infestans (Yoshioka et al. 2001) or potato leaves treated with the zoospores of the same oomycete (Chai and Doke 1987) .
One candidate molecule, the synthesis of which is critical for the elicitor-induced ROS generation, is obviously gp91 ph°x homologs that correspond to the catalytic subunit of mammalian NADPH oxidase complex. Yoshioka et al. (Yoshioka et al. 2001 , Yoshioka et al. 2003 showed that the elicitor treatment A 10 µg aliquot of total RNA was denatured with glyoxal, separated by electrophoresis on 1.4% agarose, blotted to a nylon membrane, and hybridized with 32 P-labeled probes for EL2, EL3, PAL, chitinase (Chit), β-1,3,-glucanase (β-Glc) and 25S rRNA (rRNA). A 2 µl aliquot of 5 mM sodium deoxycholate was used as a negative control. of potato tubers and Nicotiana benthamiana leaves selectively induced the expression of one of the two gp91 ph°x homolog genes in these plants, StrbohB in potato and NbrbohB in N. benthamiana. Virus-induced gene silencing experiments indicated that products of both NbrbohA and NbrbohB are involved in the pathogen/elicitor-induced ROS generation, hypersensitive response (HR) and resistance to pathogens (Yoshioka et al. 2003) . Torres et al. (2002) also showed that two Arabidopsis gp91 ph°x homologs, AtrbohD and AtrbohF, are required for the ROS generation induced by the incompatible interaction with Pseudomonas syringae. They showed that AtrbohD is mainly responsible for the ROS generation and AtrbohF is more involved in HR. As StrbohA was constitutively expressed and StrbohB was induced by the elicitor in potato, they were speculated to contribute to the first and second phase of ROS generation, respectively (Yoshioka et al. 2001) .
Intriguingly, the expression of several PLD genes was also induced by the elicitor treatment as well as pathogen infection. Laxalt et al. (2001) showed that tomato PLDβ1 mRNA was rapidly accumulated in response to a fungal xylanase elicitor in cultured tomato cells and also in leaves. De Torres Zabela et al. 2002 showed that the expression of Arabidopsis PLDγ1 and PLDβ genes was induced by the challenge of Pseudomonas isolates, and the PLDγ1 expression was more enhanced and sustained in the incompatible interaction. However, the relationship between the synthesis of PLDs and the regulation of elicitor/pathogen-induced ROS generation is not clear.
The fact that the exogenously applied PA could compensate the inhibition of the second ROS generation by cycloheximide ( Fig. 5A ) and also that 1-butanol inhibited the second ROS generation (Fig. 6 ) not only indicates the involvement of PLD and its product, PA, in the regulation of the elicitorinduced ROS generation but also indicates the requirement for the synthesis of PLD itself, or unidentified factors involved in PLD activation, in the regulation of the second phase of ROS generation. Inhibition of the recruitment of the PLD to the membrane fraction at the second phase of ROS generation by cycloheximide treatment (Fig. 5B) further supported this assumption. However, even if this is the case, it is still not clear which PLD isoform is involved in this process. It is well known that plant PLD family comprises many forms that have been shown to be regulated and function differently (Wang 2002) . For example, while PLDα was shown to promote reactive oxygen generation, PLDδ is involved in the plant response to H 2 O 2 (Zhang et al. 2003) . Although the antibody used in this study was raised against the C-terminal region polypeptide of rice PLDα, it is not clear whether the antibody cross-reacts with other forms of the rice PLD family. It is also not clear how the synthesis of PLD and gp91
ph°x is coordinated in the regulation of the second phase of ROS generation.
In this study, we also showed that exogenously applied DG and PA could induce the expression of several elicitorresponsive genes in the absence of elicitor treatment (Fig. 7) . Exogenous application of DG and PA themselves could not induce phytoalexin biosynthesis in rice cells; nevertheless, elicitor-induced transient accumulation of these phospholipase products seems to be important for the induction of phytoalexin biosynthesis because the inhibition of PLD by 1-butanol almost completely suppressed the elicitor-induced accumulation of momilactone A, a diterpenoid phytoalexin in rice (Fig.  9) , and the addition of DG and PA enhanced the magnitude of the elicitor-induced phytoalexin biosynthesis (Fig. 8) . Although both DG and PA showed similar enhancing activity for the accumulation of elicitor-induced phytoalexin, 1-butanol inhibition of elicitor-induced phytoalexin biosynthesis as well as the selective induction of PLD in the later phase of the cellular response, which preceded the induction of phytoalexin biosynthesis, indicate the importance of PLD and its product, PA, in the regulation of phytoalexin biosynthesis. It seems that these phospholipase products, especially PA, regulate as yet unidentified components essential for the induction of phytoalexin biosynthesis but not enough for that by itself.
Thus, we showed here that the activation of PLC and PLD, especially the latter, plays an important role in the regulation of cellular responses induced by the elicitor, not only ROS generation but also defense-related gene expression and phytoalexin biosynthesis. As a number of studies have reported the involvement of ROS generation in the elicitor-induced cellular responses including cell death, gene expression and phytoalexin biosynthesis (Low and Merida 1996 , Doke 1997 , Jabs et al. 1997 , Lamb and Dixon 1997 , Alvarez et al. 1998 , it is tempting to imagine that the phospholipase products regulate the downstream responses through the induction of ROS gener- ), elicitor + 1-Butanol (0.1%) or elicitor + 2-butanol (0.1%) for 24 h. 1-Butanol (0.1%) + 2-butanol (0.1%) was used as a negative control. After 3 h treatment, the cells were washed three times with fresh medium to remove the agents, and incubated further with the fresh medium. Washing the cells with the fresh medium showed no effect on the accumulation of phytoalexin by itself. 1-Butanol and 2-butanol were added at 10 min before the addition of elicitor. The values represent the average of triplicate experiments. The error bars indicate ±SD.
ation. However, the exact mechanism of action of PLC/PLD products in the regulation of defense responses remains to be elucidated in future studies.
Materials and Methods

Chemicals
EGTA and 3,3′-diaminobenzidine tetrahydrochloride were purchased from Dojindo Laboratories (Kumamoto, Japan). PIP 2 was purchased from Calbiochem-Novabiochem Co. ( 
Suspension-cultured rice cells
The suspension culture of Oryzae sativa cv BL-1 was maintained as described previously (Yamada et al. 1993 ) in N6 medium containing 1 mg l -1 2,4-D. Rice cells were incubated on a rotary shaker at 25°C and 120 rpm in the dark. Every 2 weeks, a 6 ml aliquot of loosely packed cells was transferred to a new flask containing 90 ml of the same medium and incubated further. After every other transfer to the new medium, the cell clusters were filtered through a 20 mesh filter to make fine aggregates and were used for the next culture.
Elicitors
Chitosan oligosaccharides were kindly supplied by Yaizu Suisankagaku Industrial Co. Ltd. (Tokyo, Japan) and re-N-acetylated in our laboratory to obtain N-acetylchitooligosaccharides as described previously (Ito et al. 1997 ).
Analysis of reactive oxygen generation
Reactive oxygen generation by the rice cells was determined by the luminol chemiluminescence method (Kuchitsu et al. 1995) . Cultured rice cells (125 mg) were washed and suspended in 1 ml of fresh medium in a glass tube, and shaken continuously to aerate the cells. At various times following the addition of elicitor, 50 µl aliquots were removed from the culture medium and added to 800 µl of 50 mM phosphate-KOH buffer, pH 7.9, immediately followed by the injection of 50 µl of luminol (5-amino-2,3-dihydro-1,4-phthalazinedione, 0.195 mg ml -1
) and 100 µl of potassium hexacyanoferrate (III) (4.6 mg ml -1 ). ROS accumulation was measured by the chemiluminescence of luminol using a photon counting luminometer (ATP-300, Advantec Tokyo, Japan). A standard solution of H 2 O 2 (1-10 µM) was used to make a calibration curve.
Preparation of membrane and cytosolic fractions for phospholipase assay
A 500 mg aliquot of cultured rice cells (125 mg ml -1 ) was incubated with elicitor (1 µg ml -1 ) for 0-240 min at 25°C. The cells were recovered and resuspended in 0.5 ml of 25 mM Tris-HCl buffer, pH 7.5, containing 10 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 0.3 M sucrose. The cells were homogenized for 1 min and centrifuged at 2,000×g for 30 min. The supernatant was centrifuged further at 100,000×g for 60 min. The resulting supernatant was washed four times using a centriplus YM-3 ultrafiltration apparatus (M r cut-off <3 kDa, Millipore Co., Bedford, MA, U.S.A.) with 10 ml of 25 mM Tris-HCl buffer, pH 7.5, containing 1 mM PMSF to remove EGTA and dithiothreitol, and stored as the cytosolic fraction at -20°C. The precipitate was solubilized in 1.0 ml of 25 mM Tris-HCl buffer, pH 7.5, containing 1 mM PMSF and 1% Triton X-100 for 30 min on ice. After centrifugation at 100,000×g for 60 min, the supernatant was washed four times as described above in a centriplus YM-3 ultrafiltration apparatus, and stored as the membrane fraction at -20°C.
Measurement of phospholipase activity
Phospholipase activity was determined according to the method described previously (Yamaguchi et al. 2003) . The standard reaction mixture contained 25 mM HEPES (pH 7.0), 0.1 mM CaCl 2 , 10-15 µg of membrane or cytosolic protein, and one of the following substrates: [ 3 H]inositol-4,5-bisphosphate-labeled PIP 2 (final concentration 0.1 mM, 50,000 dpm nmol -1 ) or [ 3 H]choline-labeled PC (final concentration 1.4 mM, 44,000 dpm nmol -1 ) in a final volume of 50 µl of 0.5 mM sodium deoxycholate. Reactions were performed at 37°C for 10 min and then stopped by the addition of 0.25 ml of CHCl 3 /MetOH/ HCl [100 : 100 : 0.6 (by vol.)]. After 0.1 ml of 1 M HCl containing 5 mM EGTA was added, the mixture was vortexed and centrifuged at 2,000×g for 3 min. The radioactive reaction products were recovered in the upper aqueous phase and analyzed by liquid scintillation counting to determine phospholipase activity.
[
P]Phospholipid labeling and phospholipase D assay
To show PLD activity in rice cells, PtdBut formation was analyzed according to the method described previously (Yamaguchi et al. 2003) . Cellular phospholipids were metabolically labeled by incubating cells (160 mg/1.6 ml) with 50 µCi of 32 P (carrier free) for 24 h. An aliquot (0.6 ml) of the culture medium was removed, then the same amount of fresh medium containing the elicitor and/or butanol was added to produce the desired concentration. After incubation, the rice cells were recovered and extracted twice with 0.8 ml of CHCl 3 /MetOH (2 : 1). After 30 min extraction, the solvent phase was recovered, dried using a speed vac concentrator, and solubilized with 10 µl of CHCl 3 . The samples were applied to a thin-layer chromatography (TLC) plate and developed with the organic upper phase of ethyl acetate/iso-octane/ acetic acid/H 2 O [12 : 2 : 3 : 10 (by vol.)]. The plate was exposed on the bio-imaging plate for 24 h at room temperature. The imaging plate was analyzed using an imaging plate reader and bio-imaging analyzer (BAS 2000, Fuji Photo Film Co., Ltd., Tokyo, Japan).
Immunodetection of PLD
Membrane or cytosolic protein separation was conducted using a discontinuous SDS-PAGE (7.5% separation gel) system. After electrophoresis, the proteins were transferred to a nitrocellulose membrane (Hybond-C Extra, Amersham Bioscience Corp., Piscataway, NJ, U.S.A.) using a semi-dry transfer cell (Bio Rad, Hercules, CA, U.S.A.). Protein immunoblotting was performed by using an antibody against rice PLDα (1 : 2,000) as a primary antibody and horseradish peroxidase-conjugated goat anti-rabbit IgG (1 : 2,000) (Jackson Immuno Research Laboratory, West Grove, PA, U.S.A.) as a secondary antibody. The anti-PLD antibody was raised against a polypeptide corresponding to the amino acid sequence from residue 670 to the Cterminal residue (about 140 amino acid residues). Immunodetection of PLD on the membrane was performed using 15 ml of 20 mM phosphate-buffered saline (PBS; pH 7.8) including 3,3′-diaminobenzidine tetrahydrochloride (0.5 mg ml -1 ) and H 2 O 2 (0.01%).
RNA isolation and Northern (RNA) blot hybridization RNAs were isolated from the rice cells by the SDS-phenol method. A 10 µg aliquot of total RNA was denatured with glyoxal, separated by electrophoresis in a 1.4% agarose gel, and blotted to nylon membranes (Biodyne A, Pole Co. Ltd., Port Washington, NY, U.S.A.) according to the method of Thomas (1983) . Membranes were hybridyzed with 32 P-labeled cDNAs for EL2 (Minami et al. 1996) , PC-1 for rice PAL (Minami et al. 1989) , RCC for rice chitinase (Nishizawa and Hibi 1991) or RβG-1 for rice β-1,3-glucanase (Yamada unpublished) . Membranes were washed twice with 2× SSC (1× SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% SDS for 5 min at room temperature then twice with 0.1× SSC, 0.1% SDS for 15 min at 60°C. For hybridization with 25S rRNA, a 1 kbp EcoRI-BamHI fragment was prepared from pRR217, which was kindly supplied by F. Takaiwa of the National Institute of Agrobiological Sciences (Takaiwa et al. 1984 ).
Elicitor assay
Elicitor activity was determined basically as previously described (Yamaguchi et al. 2000 ) with a slight modification. A 1 ml sample of the suspension-cultured cells (approximately 100 mg of fresh cells) was incubated with N-acetylchitoheptaose (1 µg ml -1 ) or the other testing materials at 25°C with reciprocal shaking for 24 or 48 h. The reaction mixture was centrifuged for 10 min at 3,000 rpm at the end of the incubation period, and the recovered cells were washed again with 1 ml of water. The amount of the cells used for each reaction was determined separately using this pellet. The supernatant and washings were combined and applied to a Bond Elute C-18 column (Varian Analytical Instruments, Harbor City, CA, U.S.A.) equilibrated with water. The column was eluted successively with 10 ml of water and 1 ml of 80% methanol. The methanol fraction was concentrated to dryness at 40°C under vacuum, dissolved with 50 µl of methanol and used for the gas-liquid chromatographic analysis of phytoalexins. Because of the variability of the amount of phytoalexins produced in each experiment, each set of experiments was done using the same batch of cultured cells. All the experiments were done in duplicate or triplicate for each experiment and treated statistically.
